It is well established that activity of striate neurons may be either facilitated or suppressed by visual stimuli presented outside of their classical receptive field (CRF) limits. Whilst two general mechanisms have been identified as candidates for these contextual effects; those based on extra-striate feedback and long-range horizontal striate connections; the physiological data supporting these models is both ambiguous and inconsistent. Here we investigate psychophysically the phenomenon of collinear facilitation, in which contrast detection thresholds for foveally presented Gabor stimuli are reduced via concurrent presentation of remote collinear flankers. Using backward noise masking, we demonstrate that the minimum exposure duration required to induce facilitation increases monotonically with greater target-flanker separation. The inferred cortical propagation velocities of this process (0.10-0.23 m s À1 ) closely correspond with depolarising activity observed to travel across striate cortex of several species. These dynamics strongly suggest that contrast facilitation is mediated via long-range horizontal striate connections. This conclusion complements a recent suggestion that collinear induced long-range suppressive dynamics depend on extra-striate feedback.
Introduction
Cells in primary visual cortex of several species are reported to respond preferentially to luminance defined narrow-band orientation and spatial frequency (SF) stimuli presented to a particular region of the visual field, but not by stimuli presented beyond these visuotopically localised CRF limits (DeValois, Albrecht, & Thorell, 1982; Hubel & Wiesel, 1968 ; but see Fiorani, Rosa, Gattass, & Rocha-Miranda, 1992) . However, the firing-rate of these cells is observed to increase (facilitation) or decrease (suppression) by concurrent visual stimulation of the CRF and remote surrounding regions (Hubel & Wiesel, 1968; Maffei & Fioretini, 1976) . Critically, the sign of such modulation is contingent upon the relative configuration and luminance contrast of centre and surround stimuli (Cavanaugh, Bair, & Movshon, 2002a , 2002b Chen, Kasamatsu, Polat, & Norcia, 2001; Polat, Mizobe, Pettet, Kasamatsu, & Norcia, 1998 ) (see Seriès, Lorenceau, and Frégnac (2004) for a discussion). Despite a great deal of research over the past 30 years devoted to mapping such extra-CRF spatial and luminance contingencies onto striate and extrastriate structures, uncertainty remains regarding: the mechanisms supposed to underlie these contextual phenomena as well as the extent to which facilitation and suppression are mediated by separate mechanisms.
Whilst suppression is the more general phenomenon in striate cortex, typically associated with high contrast, iso-and ortho-oriented centre and surround stimuli (Bair, Cavanaugh, & Movshon, 2003; Cavanaugh, Bair, & Movshon, 2002b; Hubel & Wiesel, 1968; Jones, Wang, & Sillito, 2002; Kasamatsu, Polat, Pettet, & Norcia, 2001 ; Levitt & Lund, 1997; Nelson & Frost, 1978; Polat et al., 1998; Walker, Ohzawa, & Freeman, 2000; Zenger-Landolt & Heeger, 2003) (but see Sillito, Grieve, Jones, Cudeiro, & Davis, 1995) , a significant proportion of V1 neurons are reported to increase their firing rates when presented in the context of remote, spatially discrete, collinear centre and surround stimuli (Mizobe, Polat, Pettet, & Kasamatsu, 2001; Polat et al., 1998) . Remarkably, analogous spatial and luminance determinants of V1 CRF suppression (Cannon & Fullencamp, 1991; Snowden & Hammett, 1998; Xing & Heeger, 2001; Zenger-Landolt & Heeger, 2003) and facilitation have been observed psychophysically. In the case of facilitation, contrast detection thresholds for a foveal target (either a line or Gabor patch) are maximally reduced when simultaneously presented with collinear and co-axially aligned flanking stimuli (line or Gabor masks) (Polat & Sagi, 1993 , 1994a , 1994b Williams & Hess, 1998; Woods, Nugent, & Peli, 2002; Yu, Klein, & Levi, 2002) . Moreover, consistent with electrophysiological recordings of striate cortex, the direction and degree of modulation depends upon the proximity of centre and surround stimuli (Kapadia, Ito, Gilbert, & Westheimer, 1995) . This is characterised by suppression at adjacent locations, followed by a facilitative peak (2-3 carrier wavelength units), then monotonic reduction in facilitation with increasingly remote separation. Such convergent neurophysiological and psychophysical findings lend support to the assumption that these modulations represent both indirect and direct observation of the same phenomena.
Although the functional significance of collinear contrast facilitation is not well understood, it is worth noting that suprathreshold elements which are co-aligned along a virtual curve, perceptually pop-out from a background consisting of randomly oriented line or gabor patch elements Beaudot, Hess, & Mullen, 2002; Field, Hayes, & Hess, 1993; Hess, Beaudot, & Mullen, 2001) . The geometrical similarity between the apparent determinants of collinear, co-axial contrast facilitation and contour integration has prompted a number of researches to suggest that collinear facilitation and contour integration may be subserved by the same mechanisms (Polat & Bonneh, 2000) (but see Hess, Dakin, & Field, 1998) .
Two anatomically defined classes of network have been identified as candidate mechanisms for the kinds of contextual modulation described above (ie. neural and contrast facilitation and suppression); those based on long-range (LR) horizontal (or lateral) intrinsic striate connections and those based on extra-striate feedback. Although some findings indicate that these differ in terms of both their maximum cortical extent (intrinsic V1: 10 mm; V2-V1: 7.6 mm; V3-V1: 13.9 mm 1 , as well as the shape of their integrative fields (extra-striate feedback density appears more elongated in the direction of CRF orientation preference) (Angelucci et al., 2002) , other results indicate that no such distinction holds for either spatial extent or connective anisotropy (Stettler, Das, Bennett, & Gilbert, 2002) . Moreover, the functional significance of these patterns of connectivity is even less clear. For example, in several species, both LR intrinsic striate (Hirsch & Gilbert, 1991; Malach, Amir, Harel, & Grinvald, 1993; Schwartz & Bolz, 1991; TsÕo, Gilbert, & Wiesel, 1986; Weliky, Kandler, Fitzpatrick, & Katz, 1995) and extra-striate (Gilbert & Wiesel, 1989; Shmuel, Korman, Grinvald, & Malach, 1998) networks have been observed to connect cells (indirectly in the case of feedback) with similar orientation preference. These findings contrast with Stettler et al. (2002) who found that V2-V1 feedback connections exhibit no orientation selectivity. Therefore, based on the structural data, the question of whether either candidate network contributes to contextual facilitation or suppression independently, in combination, or at all, needs to be readdressed.
An additional, yet generally overlooked distinguishing feature of these anatomical network structures relates to their dynamics. Electrophysiological evidence in monkeys reveals that following electrical stimulation of single cells in striate and extra-striate cortices, feedforward and feedback conduction velocities ($2-6 m s À1 , median, 2.24 and 3.74 m s À1 , respectively) are estimated to be 5-10 times faster than those associated with local horizontal striate connections ($0.1-0.4 m s À1 , median, 0.3 m s À1 ) (Angelucci & Bullier, 2003; Girard, Hupé, & Bullier, 2001) . Support for slow horizontal propagation of electrically (Nelson & Katz, 1995; Tucker & Katz, 2001 ) and visually (Bringuier, Chavane, Glaeser, & Frégnac, 1999; Grinvald, Lieke, Frostig, & Hildesheim, 1994; Slovin, Arieli, Hildesheim, & Grinvald, 2001 ) stimulated subthreshold synaptic activity has also been demonstrated in primary visual cortex of cat, monkey and ferret at the meso-population level using intracellular and optical imaging techniques, with velocities typically ranging between 0.1 and 0.2 m s À1 . Despite the wealth of physiological and psychophysical data regarding spatial and luminance contingencies associated with facilitation and suppression, a reliance on functionally ambiguous and apparently inconsistent structural physiological data has prevented researchers from reliably isolating the mechanism(s) supposed to mediate these modulatory phenomena. However, in light of the observations that extra-striate and LR horizontal striate connections operate at such different velocities, it is reasonable to suggest that if surround suppression and/or facilitation are supported by either mechanism, then the dynamics of modulation should correspond to that of its mediative substrate. One way to measure the spatio-temporal dynamics of surround modulation would therefore be to vary the distance between centre and surround stimuli (spatial dimension) and measure the minimum period of exposure required to induce modulation (temporal dimension). Since both horizontal striate and extra-striate feedback models operate via surround-to-centre propagation of the modulative signal, one might expect contextual modulation to become progressively delayed with increasing target-flanker visuo-cortical field separation. Recently, Bair et al. (2003) demonstrated that in monkey striate cortex, the onset of surround induced neural suppression (suppressive delay) did in fact increase with distance, but that the dynamics of this process (12/30 cells >1.0 m s À1 , median = 0.7 m s À1 ) exceeded those expected from long-range horizontal connections. Since the length of this delay is assumed reflect the dynamic properties of the particular network structure(s) mediating the effect, they concluded that response suppression is likely to be mediated by extra-striate feedback mechanisms and not by horizontal interaction.
However, we are still missing some crucial information regarding the spatio-temporal dynamics of facilitation. In this study, we use a psychophysical contrast detection threshold procedure to map the dynamics of surround induced collinear facilitation via independent manipulation of both spatial and temporal dimensions. We manipulate the spatial dimension by measuring collinear facilitation at various target-flanker separations shown in Fig. 1(a) . The modulative effect of targetflanker separation is measured at multiple exposure durations using backward noise masking (temporal dimension). We demonstrate that the minimum exposure duration required to induce contrast modulation (facilitative delay in this case) increases with targetflanker separation 2 ( Fig. 1(b) ). Whilst this general monotonic relationship of increasing modulative delay (temporal dimension) with increasing centre-surround separation (spatial dimension) ( Fig. 1(a) ) is consistent with known structural principles underlying extra-striate mediation, the rate at which it is observed here, in the case of contrast facilitation, appears to be several times slower. This inference is obtained by first transforming the visual angle subtended by each (foveal) target-to-(eccentric) flanker separation into to human striate-coordinates (see Appendix A). Each of these one-dimensional spatial cortical dimensions is then divided by its corresponding Ôfacilitative delayÕ, defined as the shortest exposure duration required to induce facilitation. Accordingly, we estimate corresponding mean cortical propagation velocities to range from 0.10 to 0.23 m s À1 (Fig. 3(c) ). Since these propagation velocities are highly consistent with observed transmission of depolarising activity across striate cortex, which are generally much slower than striate-extra-striate conduction velocities, we believe that these dynamic data strongly suggest that contrast facilitation is mediated by LR horizontal striate connections.
We also investigate the effect of spatial scale on the dynamics of contrast facilitation and demonstrate that cortically transformed psychophysical estimates of facilitative velocity are independent of spatial scale across equivalent visuo-cortical separations. However, faster cortical propagation velocities are estimated at the lowest spatial frequency (SF) used (2.32 cycles per degree (cpd)), but only when including the most extensive centre-surround separations.
Methods

Observers
Four normally-sighted subjects aged 22-31 participated in the study. One subject (author JRC) had previous experience with psychophysical experiments and was aware of the purposes of this study, whilst the other three subjects had minimal experience and were naïve to the purposes of the study. Written consent was obtained from naïve subjects.
Apparatus
Stimuli were pre-drawn using a Visual Stimulus Generator (Cambridge Research Systems, Kent, UK) 2/5 graphics card, driven by MATLAB software. These were displayed on a 40.5 cm · 30 cm (20.1°· 15°) triphosphor cathode ray tube (Sony Trinitron G520) operating at 10 ms vertical frame duration (100 Hz), with a video resolution of 1024 · 768 and were viewed through a circular aperture (diameter = 26.5 cm = 13.3°) centred on fixation. Display luminance was linearised using an 12-bit lookup table. A mean luminance of 58 cd/m 2 was maintained throughout the duration of all trials in an otherwise dark environment. Viewing distance was fixed at 114 cm by placing the head in a chinrest. Responses were registered by depressing one of two buttons located on a response box.
Stimuli
Fixation display consisted of a central, plus four diagonally arranged peripheral discs (1.5°from central fixation, diameter = 0.1°) consisting of pixels of randomised luminance noise (60% contrast) centred on mean luminance. Contrast was defined as (
where L max and L min represent carrier peak and trough luminance, respectively. Neither peripheral nor fixation discs were presented during test intervals (target and/or flankers presented). Peripheral discs were employed in order to distribute attention within parafoveal limits and the fixation disc was supposed to reduce spatial uncertainty regarding the location of the target. Target and surround flanking stimuli were Gabor patches of the same carrier SF, consisting of vertically oriented sinusoidal luminance contrast carriers (2.32, 4.65 or 9.30 cycles/degree (cpd)) presented in sine phase and multiplied with a circular gaussian envelope (r = 1 carrier wavelength ðkÞ ¼
SF
). In surround context conditions, flankers were symmetrically positioned above and below the foveal target stimulus at 3, 4, 6 or 8k units of centre-to-centre separation. In all conditions, flanker contrast was set at 30%. Contrast resolution of all stimuli was based on a maximum of 4096 grey levels (12-bit). Mean luminance was maintained at all stimulus intervals in order to avoid luminance artefacts. Temporal display resolution (10 ms) was time locked to vertical monitor refresh rate. All Gabor stimuli were immediately succeeded by a full field of 2 · 2 pixel arrays of random luminance noise (30% contrast). It is worth noting that whilst the backward noise mask was employed to randomise low band-pass orientation energy, we did not attempt to optimise the spatio-luminance dimensions 3 to the studied phenomenon.
Procedure
Contrast detection thresholds were measured using a Bayesian adaptive temporal two-interval forced-choice procedure, tracking detection performance at 81.6% correct (Kontsevich & Tyler, 1999) . The target was randomly presented in one of the two test intervals on each trial. The observerÕs task was to identify which test-interval contained the target. Responses were registered using one of two buttons representing each test interval. Each trial commenced with full-field luminance noise for 200 ms, followed by central and peripheral fixation discs for 1000 ms. These foveal and eccentric cues were employed to reduce spatial uncertainty regarding the location of the subsequently presented, foveal target stimulus. Each test interval was preceded by zero contrast at mean luminance for 500 ms, followed by the first test interval for a predetermined exposure duration and accompanied by a tone. This succession of stimulus events was repeated for the second half of the trial. Backward noise masking immediately succeeded the test stimuli in both intervals in order to minimise test stimulus afterimages, thereby constraining the period of exposure duration. Feedback was provided via a high or a low frequency 200 ms tone signifying correct and incorrect response respectively. Target thresholds were measured either in the absence (baseline context) or in the presence of surrounding flankers with onset and offset asynchronies of 0 ms. Spatial context (baseline, 3, 4, 6 or 8k separation (see Fig. 1(a) )) was blocked within a given set of trials following a random ordering process. All subjects initially completed spatio-temporal contrast detection threshold profiles at 4.65 cpd. Naïve subjects then completed profiles of adjacent spatial frequency octaves in pseudo-randomised blocks. Author JRC completed profile at 2.32 cpd before commencing 9.30 cpd Thresholds were measured on the basis of 50 trials. Each observer data point represents the mean of four separately measured thresholds. Sets of four or five different exposure durations were randomly interleaved between trials.
Exposure durations were preselected by employing the following strategy. An initial set of data was collected in all spatial contexts based on the following ranges of exposure duration: BLH and KMH: 20-140 ms using 20 ms increments; JRC: 10-100 ms using 10 ms increments; SEH: 20-100 ms using 20 ms increments. An analysis of the minimum exposure duration required to elicit facilitation was then conducted at each separation (for each spatial frequency). At spatial separations in which facilitation was not apparent at any exposure duration, additional data were collected employing longer exposure durations. This was done in order to permit integration otherwise precluded by initial temporal conditions. For naïve subjects, additional data collection was undertaken at exposure durations (divisible by 10, but not 20) either before or after the initially computed facilitative delay in order to enhance temporal resolution. This latter set of trials were randomly interleaved with previously unfamiliar exposure duration/separation pairings, which themselves were recorded as threshold data. In some cases, these unfamiliar exposure duration/separation pairings exceeded, and in others fell within the range of initial temporal conditions. An exception to these temporal selection criteria is evident in the case of observer BLH. Subsequent experimentation using exposure durations 20 ms (6k) and 20, 40 and 50 ms (8k) (incorporated within Fig. 1 ) reveals no facilitation at these spatio-temporal conditions. Consequently, the inclusion of these data does not affect results of the subsequent analyses.
Results
Our general goal was to psychophysically map collinear surround induced changes in foveal contrast detection performance across both spatial and temporal dimensions. This mapping was completed for four observers, whose individual performance is charted in each column of Fig. 1(b) . The ordinate in each graph in Fig. 1(b) represents contrast detection thresholds (CDTs) for flanked and non-flanked (baseline) targets, which are depicted as closed and open symbols respectively. Both the sign and magnitude of surround modulation may be defined at any given exposure duration as a significant difference (based on a 95% confidence interval) between flanked and non-flanked target CDTs. Accordingly, increases in CDT relative to baseline levels denote suppression and relative decreases, facilitation.
Facilitative modulation across space
The manipulation of our spatial variable involved systematic variation of (foveal) target-to-(eccentric) flanker separation ( Fig. 1(a) ). The effects of separation on CDTs at various periods of exposure are represented by the rows in Fig. 1(b) . The most notable effect of target-flanker separation on target CDT is that the amplitude of facilitative peaks tend to become reduced in the context of greater separation (this pattern can be seen more clearly in Fig 2(a) ). Although this effect is not statistically significant (r 2 = À0.21, p > .05), the general trend is consistent with other psychophysical studies of surround-induced facilitation, which employ single exposure durations (Polat & Sagi, 1993 , 1994a , 1994b Williams & Hess, 1998; Woods et al., 2002) .
Surround modulation across time
The temporal manipulation employed here, exposure duration, is represented on the abscissa of each graph in Fig. 1(b) . This dimension refers to the period between the onset of a given test stimulus (target present and target absent intervals) and the onset of subsequent noise Fig. 2. (a) Relative contrast detection estimates as a function of target-flanker separation relative to baseline (no flanker condition (horizontal dotted line)), measured at different exposure durations averaged across subjects. Shaded regions represent the maximum separation at which contrast facilitation is observed (i.e. baseline relative decrease in detection threshold) based on a 95% confidence interval. Error bars refer to standard errors derived from inter-subject variation in mean facilitative delay. (b) Maximum target-flanker separation at which facilitation is observed (depicted in terms of striate co-ordinate estimates) as a function of exposure duration.
masking. The independent depiction of flanked and unflanked CDTs as a function of exposure duration allows us to examine the evolution of surround induced CDT modulation. We determined contrast modulation for each subject at each separation and exposure level, by comparing baseline and flanked target CDTs using a FisherÕs LSD post hoc analysis (95% confidence interval) across the entire field of exposures. Facilitative delay (represented by the shaded regions in Fig. 1(b) ) was defined by the shortest exposure duration at which CDT of the surrounded target was significantly less than baseline CDT.
Analysing these temporal profiles reveals that facilitation is the most consistently observed modulative phenomenon, present at least once in each graph. In contrast, suppression was only observed for two observers (JRC and SEH), was only evident at very short durations (620 ms) and if evident, always preceded facilitation.
Facilitative transmission across space and time
The first experiment was conducted to determine whether contrast facilitation is mediated by signals propagating in a direction parallel to the primary visual cortical surface. Given that it will take time for such signals to travel across the cortex, the retinotopic mapping of primary visual cortical cells allows one to observe whether facilitative surround stimuli take longer to exert their modulative influence when presented at greater visuo-cortical separations. Psychophysically, it is assumed that this translates to an increase in the time required to induce contrast facilitation (i.e. reduction in target detection relative to the no-flanker condition) at greater target-to-flanker separations ( Fig. 1(a) ). Our results demonstrate that at all separations, a critical minimum exposure duration was required to induce contrast facilitation (facilitative delay). Importantly, collapsed across observers, the mean length of this facilitative delay was shown to increase as a function of target-flanker distance (F (3, 3) = 19.217, p < .001) (Fig. 3(b) and (c) ). By applying a striate cortical magnification transformation (see Appendix A) to the spatial components of these data, we estimate that the psychophysically derived facilitative signal would need to propagate across the cortex at a mean velocity of 0.10 ± 0.02 m s À1 (facilitative delay at each separation averaged across subjects). The spatial components of these velocity calculations derive from a linear estimate a facilitative delay as a function of the distance between target-flanker separations (i.e. 3, 4, 6 and 8k) and hence, should not be considered an extrapolation beyond these limits (intercepting 0 mm separation for instance).
Given the limited (8-bit) contrast resolution employed in this study, combined with the small effect sizes, it is conceivable that the CDT estimates may lack the precision required to infer statistical significance. However, given that each contextual comparison (based on eight separate CDT estimates: target alone vs. flanked target at each single exposure duration) was repeated 12 times (each separation for each spatial frequency (Fig. 3) ), and that similar patterns of response were derived for each of the four subjects (i.e. increased minimum facilitative exposure duration as a function of separation), it would be surprising to find that this systematic pattern of response was the result of random variation. Fig. 2(a) shows CDTs normalised relative to baseline levels as a function of target flanker separation at multiple exposure durations. Although this is a re-description of the data presented in Fig. 1(b) , it serves to demonstrate the temporal conditions necessary to replicate Polat and SagiÕs signature finding of monotonic decrease in facilitation at separations greater than 3.
An examination of Fig. 2 (a) reveals a number of interesting features. First, Polat and SagiÕs basic result takes time to develop. At the shortest exposure duration depicted, 20 ms, facilitation is not evident at any separation. By 40 ms, the basic pattern has emerged, although facilitation is not apparent at all separations.
Given that the lateral propagation model promoted above operates via slow transmission of the facilitative signal across the striate cortical field, we would expect that the maximum target separation at which facilitation is observed to increase monotonically as a function of exposure duration. An examination of the maximum target-flanker separation at which facilitation is observed for a given exposure duration (see shaded regions in Fig. 2(a) and facilitative extent in Fig. 2(b) ) reveals that this is the case. Not only does facilitative extent increase as a function of exposure duration (based on 95% confidence intervals), the rate at which this occurs corresponds to linear intra-striate propagation velocity estimate of $0.18 m s À1 (see Fig. 2(b) ).
Spatio-temporal scaling
An intriguing question is whether the velocity of the laterally propagating facilitative signal apparent in the first experiment, varies or remains constant over different spatial scales. To address this question, two additional spatio-temporal CDT modulation profiles were generated using spatial frequencies an octave above and below that used in experiment 1 (Fig. 3(a) ), again employing target-to-flanker separations of 3, 4, 6 and 8k. Since we are interested in the effect of spatial scale on facilitative velocity, we must first differentiate scaled separation from visual separation. Whereas visual separation refers to the visual angle subtended by a given target-to-flanker centre-to-centre separation, scaled separation refers to the relative distance between target and flankers in proportion to their fundamental carrier Minimum exposure duration required to induce contrast facilitation (facilitative delay) (ordinate) measured at various target-flanker separations (depicted as striate distance) (abscissa) and spatial-frequencies (columns) for each observer (rows). Visual target-flanker separation is depicted here in striate surface co-ordinates following a cortical magnification transformation (Horton & Hoyt, 1991, see Appendix A) . Facilitative striate propagation velocities are estimated by computing change in the linear slope associated with facilitative delay as a function of cortical separation. Visual target-flanker separation is depicted here in striate surface co-ordinates following a cortical magnification transformation (Horton & Hoyt, 1991, see Appendix A) . (c) Minimum exposure duration required to induce facilitation (facilitative delay) across target-flanker separations (striate distance) for each spatial frequency averaged across observers. Error bars refer to standard errors derived from inter-subject variation in mean facilitative delay. frequency (visual angle (°) · SF (cpd)). For example, Fig. 3(a) depicts three sets of targets and flankers grouped (vertically) according to both visual separation as well as their SF content. However, the SF content of adjacent groups in Fig. 3(a) differs by an octave and the visual separation of adjacent groups also differs by a factor of two. Therefore, the distance subtended by each of these groupings can be shown to be proportionally equivalent with respect to spatial scale (4k separation in each case).
If the facilitative signal propagates at a velocity that is independent of spatial scale, one would expect that identical visual separations subtended by adjacent octaves (3k ! 4k lower octave = 6k ! 8k higher octave ) will elicit the same rate of increase in facilitative delay across the cortical surface (vertical arrows in Fig. 3(c) indicate equivalent visual separations subtended by adjacent octaves). Our findings seem to support this, as there is no significant difference between adjacent octaves in the rate of increase of facilitative delay over equivalent visual separations (p > .05). However, if one compares the facilitative delay associated with each SF across the total range of separations tested (3k ! 8k), the mean rate at which facilitation is estimated to propagate across cortical space is significantly faster at the lowest SF tested: 0.23 m s À1 (2.32 cpd); 0.10 m s À1 (4.65 cpd); 0.10 m s À1 (9.30 cpd) (see Fig. 3 (c))(F (3,3) = 12.33, p < .05). It is worth noting that these spatial frequency comparisons are based entirely on data collapsed across observers. Fig. 3(b) demonstrates the individual variability associated with these striate propagation velocity estimates across spatial scales. A univariate analysis of these values indicates that whilst there is no difference between the inferred velocities of the higher spatial frequencies, the lowest spatial frequency tested appears to be associated with faster facilitative propagation velocities. One criticism that may be levelled at these estimates of facilitative velocity relates to the small number of thresholds upon which facilitative delay is determined (comparison between four baseline and four flanked threshold estimates for each observer at each separation and exposure duration). In order to increase the statistical power of these comparisons, we repeated the procedure using the combined data from adjacent exposure durations (eight baseline and eight flanked threshold estimates) for each subject and spatial frequency. Whilst this procedure yielded faster velocity estimates at the lowest spatial frequency: 0.30 m s À1 (2.32 cpd), it did not produce sizeable variation at the higher spatial frequencies 0.11 m s À1 (4.65 cpd); 0.10 m s À1 (9.30 cpd).
Discussion
These findings are the first to demonstrate using Polat & SagiÕs (1993) paradigm that the period of exposure required to induce a reduction in contrast detection threshold increases with the distance between a foveal target and an eccentric, collinear facilitative surround. Such a monotonic relationship between critical exposure duration and spatial separation resembles the dynamics of contour integration (0.1 m s À1 ) reported by Beaudot et al. (2002) . In the present study, the rate at which facilitation appears to propagate across the visual field corresponds to a range of subthreshold depolarising propagation velocities observed in primary visual cortex of several species (Bringuier et al., 1999; Grinvald et al., 1994; Nelson & Katz, 1995; Slovin et al., 2001; Tucker & Katz, 2001 ). Although it is structurally plausible that the perceptual facilitation observed here might be mediated by cortico-geniculate feedback or extra-striate feedforward pooling or feedback, the comparatively slow dynamics of this process better resemble conduction velocities observed electrophysiologically in individual, unmyelinated, horizontal axons within V1, compared with those asociated with feedforward or feedback connections (Angelucci & Bullier, 2003; Girard et al., 2001; Salami, Itami, Tsumoto, & Kimura, 2003) .
Alternatively, rather than reflecting a simple, linear propagation of the facilitative signal, these results may indicate a reduction in the number of cells responding to flanking stimuli presented at greater eccentricities, as is predicted by areal reports of human visual-striate mapping (Horton & Hoyt, 1991) . According to this interpretation, facilitative delay is expected to increase in the context of greater surround eccentricity due to a proportional reduction in surround output. However, this seems unlikely as both high contrast and large eccentric flankers have been found to compromise facilitation (Woods et al., 2002 ).
Yet another explanation for the dependency of facilitative delay on separation relates to temporal integration. This model assumes that as modulatory amplitude decreases as a function of cortical distance (Bringuier et al., 1999 ) (due to decay and/or reduced connective density) the modulatory effect will necessarily take longer to emerge. Critically, this relationship between modulatory input amplitude and temporal integration is independent of the velocity of the modulative signal. If temporal integration were solely responsible for the dependency between separation and facilitative delay, we would expect maximum facilitative amplitude to decrease as a function of separation. Whilst there is a trend towards this relationship ( Fig. 2(a) ), it is not significant. Therefore we suggest that whilst temporal integration is likely to contribute the dependency of separation on facilitative delay, the model based on horizontal propagation of the modulatory appears to account for a greater portion of our data. Examination of the dynamics associated with the amplitude of surround induced pyramidal membrane potential modulation across cortical separation and time is likely to shed light on the contribution of temporal integration to this psychophysical effect.
Although the monotonic relationship between facilitative delay and target-flanker separation seems to be consistent with the transmission of a facilitative signal, one should consider the involvement of other factors. For example, at greater separations, flankers are likely to provide less precise positional cuing for the target location. Therefore, if surround facilitation is the result of reduced spatio-temporal uncertainty (Pelli, 1985; Freeman, Sagi & Driver, 2004) , increased spatial uncertainty is likely to be associated with an increase in critical exposure duration required to achieve facilitation. Whilst this account is not necessarily inconsistent with the neural transmission interpretation offered above, it does raise the possibility that collinear facilitation may be dependent on computational processes not fully characterised by the reported V1 response properties.
Interestingly, the rates of increase between facilitative delay and centre-surround distances are much slower than recently reported for surround induced striate suppression (Bair et al., 2003) . Based on these relative dynamics, it would appear that these contextual effects are mediated by different mechanisms, with obvious candidates being extra-striate feedback, in the case of suppression and LR horizontal striate connections for facilitation. One must be cautious, however, in ascribing particular mechanisms to either of these results given the different stimulus conditions used in each study. For example, the size and contrast of the surround varied greatly between studies with neural suppression associated with large, high contrast annular gratings and facilitation with discrete, low contrast Gabor patches. It would seem reasonable to speculate that the greater area subtended by the suppressive annular surround employed by Bair et al. (2003) may enhance both spatial and temporal summation, thereby accounting for the apparently faster contextual modulation across space than the smaller facilitative surrounds. Similarly, given that neural onset latency has been shown to decrease as a function of contrast (Gawne, Kjaer, & Richmond, 1996) one might expect lower contrast facilitative surrounds to induce a more delayed response relative to high contrast suppressive gratings. However, both of these potential confounds predict a change in the modulative delay that is independent of centre-surround separation and hence, should not affect the rate at which spatial and temporal dimensions covary. More critically perhaps, is the relative contrast of centre and surround stimuli employed between the two studies (see Seriès et al. (2004) for a discussion). Several reports have demonstrated that striate receptive field properties are highly contrast dependent, with low stimulus contrast resulting in larger, more elongated striate summation fields (Cavanaugh et al., 2002b; Chisum, Mooser, & Fitzpatrick, 2003; Kapadia, Westheimer, & Gilbert, 1999; Sceniak, Ringach, Hawken, & Shapley, 1999) , possibly resulting from reduced lateral inhibition from the immediate surround (Cavanaugh et al., 2002a; . Accordingly, the facilitation observed here may reflect elongated CRF summation precluded by the high contrast centre stimuli employed by Bair et al. (2003) . 4 Therefore, it is advised that any direct psychophysical or physiological experimental comparison of suppressive and facilitative dynamics should attempt to systematically examine the relative contribution of areal and luminance dimensions of centre and surround. An obvious, yet theoretically interesting means of achieving this psychophysically, is to adopt a surround modulated contrast (Yu & Levi, 1999) or orientation (Brincat & Westheimer, 2000) discrimination paradigm using supra-threshold target stimuli.
Despite strong correspondence between the dynamic properties of contrast facilitation and the transmission of subthreshold striate activity parallel to the cortical surface, the distances subtended by the most extensive facilitative centre-surround interactions demonstrated here (21-25 mm (6-8k units, 2.32 cpd)) exceed the maximum reported extent of depolarising fields (radius = 10 mm) (Bringuier et al., 1999) , and LR intrinsic striate fibres (10 mm: 5 mm on either side of the soma) (Angelucci et al., 2002) . These discrepancies between these physiologically observed spatial constraints and data presented here and elsewhere (Mizobe et al., 2001; Woods et al., 2002) suggest that facilitation may not necessarily rely on direct horizontal interaction between centre and surround CRFs. One possibility is that the facilitative signal travels indirectly via a series of intervening stages across the cortex (Polat & Sagi, 1994b) . This is unlikely, however, as it implies the elicitation of action potentials at each intervening stage of the process, a requirement for which there is no physiological evidence (Bringuier et al., 1999) . An alternative possibility is that the spatial extent of centre-surround interactions may be maximised by axonal-dendritic synaptic coupling at some mid-point between afferent and efferent populations. The probable substrates for such long-range interactions are layers 2/3 and 5 and 6 of striate cortex (Angelucci et al., 2002; Gilbert & Wiesel, 1983) . Given the paucity of evidence regarding the spatial extent of horizontal fibres in human striate cortex (but see Kenan-Vaknin, Ouaknine, Razon, & Malach, 1992) , one must consider a role for the more extensive 4 Facilitation has also been demonstrated in the context of crossorientation surround located in the immediate (Levitt & Lund, 1997) and remote (Yu et al., 2002) surround and therefore, cannot be explained by subthreshold summation within a single orientation selective filter. The question remains whether such facilitation is mediated by different mechanisms to those responsible for iso-oriented facilitation.
extra-striate feedback connections at the greatest eccentricities tested here.
This report has revealed that the period required to induce psychophysical contrast facilitation/summation, increases with greater visual separation between a foveal target and a collinear and coaxial surround. As predicted by and Angelucci et al. (2002) , there is a close match between the dynamics of contrast facilitation/summation and propagating subthreshold depolarising signals observed in striate cortex, suggesting a functional role for the latter. Moreover, the dynamics observed here are much slower than those associated with surround induced neural suppression (Bair et al., 2003) . Combined, these results suggest that collinear surround induced psychophysical facilitation and neural suppression are likely to be mediated separately by LR horizontal and extra-striate feedback respectively. Future research is required to determine whether facilitative and suppressive dynamics generalise across experimental domains. Finally, although extending the spatial context seemed to elicit temporally compensatory mechanisms at the lowest spatial-frequency, overall changes in spatial scale did not elicit proportional changes in temporal processing.
